study hypothesis: DNA methylation is regulated by hypoxia in endometriosis. study finding: Hypoxia causes global hypomethylation through AU-rich element binding factor 1 (AUF1)/microRNA-148a (miR-148a)-mediated destabilization of DNA methyltransferase 1 (DNMT1) mRNA.
Introduction
Endometriosis, characterized as the growth of endometrial cells outside of the uterus, is one of the most common and severe gynecological diseases. The cast-off endometrial tissues, due to the lack of support from vascular network, immediately encounter hypoxic stress. It has been found that hypoxia promotes cell proliferation, inflammation and angiogenesis during the development of endometriosis (Wu et al., 2002 (Wu et al., , 2007 Lin et al., 2012; Hsiao et al., 2014) . A plethora of evidence suggests that the intrinsic properties of the endometriotic cells have been altered epigenetically during the development of this disease. For example, the growth of both endometrial and endometriotic cells is estradioldependent, but ectopic endometriotic stromal cells acquire the steroidogenic capacity and develop a self-supporting microenvironment (Noble et al., 1996; Tsai et al., 2001; Wu et al., 2010) . In addition, both eutopic endometrial and ectopic endometriotic stromal cells express cyclooxygenase-2 (COX-2) and produce prostaglandins, but the ectopic endometriotic stromal cells exert much greater responsiveness to cytokine stimulation (Wu et al., 2005; Lin et al., 2011) . Thus, the eutopic endometrial and ectopic endometriotic cells exhibit some distinct characteristics, despite containing the identical genetic background, which provides the excellent model for studying the epigenetic regulation tuned by microenvironmental stress.
There is a developing consensus that endometriosis is a disease of epigenetics (Guo, 2009; Nasu et al., 2011; Dyson et al., 2014; Forte et al., 2014) . Epigenetic alteration, including histone modification and DNA methylation, typically affects the gene transcription profile and alters the properties of cells through a change of chromatin conformation. A growing body of evidence indicates that both histone modification and DNA methylation are implicated in the regulation of genes involving in transcriptional regulation, cell-cycle progression, apoptosis, cell adhesion and steroidogenesis during the development of endometriosis (Nasu et al., 2011; Kai et al., 2013; Monteiro et al., 2014) . Although distinct patterns of histone modification or DNA methylation have been revealed (Xiaomeng et al., 2013; Monteiro et al., 2014) , the underlying mechanism(s) responsible for these alterations remain obscure.
The formation and maintenance of 5-methylcytosine on the DNA strands is achieved by DNA methyltransferases (DNMTs). There are several DNMT isoforms: DNMT1 favors hemi-methylated DNA as a substrate and transmits the methyl markers from passage to passage during cell cycle progression, while DNMT3a and 3b are de novo DNMTs using unmethylated DNA templates as substrates. All three forms of DNMTs are expressed in mammalian cells and are tightly regulated under physiological conditions. However, the molecular mechanism responsible for DNMT regulation in the pathogenesis of human diseases remains largely uncharacterized.
Hypoxia, a condition in which cells are deprived of adequate oxygen supply, is one of the most stressful challenges to tissues that plays important roles in both physiological and pathological processes such as tumourigenesis, adipocyte/vascular dysfunction and endometriosis (Maes et al., 2012; Marsch et al., 2013; Trayhurn and Alomar, 2015) . We have previously demonstrated that endometriotic stromal cells have elevated levels of hypoxia inducible factor-1a (HIF-1a) (Wu et al., 2007) , which causes aberrant gene expression in a manner like epigenetic regulation Lin et al., 2012) . Since it has been reported that the promoters of some genes involving in the pathogenesis of endometriosis are differentially methylated in endometriotic stromal cells (Hori et al., 2000; Wu et al., 2006; Xue et al., 2007) , we hypothesized that expression of DNMTs is regulated by hypoxic stress, which may alter the DNA methylation pattern and ultimately cause aberrant gene expression in endometriotic tissues. Herein, we provide evidence to demonstrate the underlying molecular and cellular mechanisms responsible for hypoxia-suppressed DNMT1 expression and a decrease in 5-methylcytosine in endometrial stromal cells, recapitulating the phenotype of global hypomethylation and aberrant gene expression in ectopic endometriotic stromal cells. This discovery provides a mechanistic insight into how the microenvironment affects DNA methylation and epigenome reprogramming, which may contribute to the development or progression of human diseases.
Materials and Methods

Patients
Patients of reproductive age treated at the Department of Obstetrics and Gynecology of National Cheng Kung University Hospital were recruited. This study was approved by the Institutional Review Board of National Cheng Kung University Medical Center and informed consent was obtained from each patient. The stage of endometriosis was determined by pathologist according to the revised American Society of Reproductive Medicine classifications (1997) . Paired eutopic endometria and ectopic endometriotic lesions from patients with endometriosis were collected (n ¼ 15) and details of the patient information are listed in Supplementary data, Table S1 . All patients had regular menstrual cycles and did not receive any hormonal therapy within the 6 months before surgery was performed.
Histology and immunohistochemistry
Routine protocols for histological and immunohistochemical (IHC) staining were adapted from our previous study with some modifications (Hsiao et al., 2014) . Briefly, antigen retrieval was done by keeping sections in boiling citrate buffer (10 mM, pH 6.0) for 20 min. The endogenous peroxidase activity was blocked by incubating tissue sections in 3% H 2 O 2 (Leica Biosystems, Cat#: RE7157) for 10 min at room temperature. After permeabilization, tissue sections were blocked in Protein Block (Leica Biosystems, Cat#: RE7158), followed by incubation with anti-DNMT1 (1:200; SigmaAldrich, Cat#: HPA002694) or anti-5-methylcytosine (1:500; GeneTex, Cat#: GTX629448) antibody at 48C overnight, and then incubated with polymeric HRP-linker anti-rabbit or anti-mouse antibody (Leica Biosystems, Cat#: RE7161 or RE7159) for 1 h at room temperature. Color was developed by using 3-amino-9-ethylcarbazole (Bio SB, Cat#: BSB 0012) and counterstaining with hematoxylin (Leica Biosystems, Cat#: RE7164). The intensity of DNMT1 from each tissue section was scored by two well-trained Hypoxia down-regulates DNMT1 expression via miR-148a individuals independently according to the percentage of positive staining in stromal cells, 1: ,25; 2: 25 -50; 3: 50 -75; 4: .75%.
Cell culture and treatments
The endometrial stromal cells were isolated from the eutopic endometria and ectopic endometriotic lesions, and characteristics of stromal cells such as vimentin and prolactin expression were verified according to the procedures described previously (Tsai et al., 2001; Wing et al., 2003) . Stromal cells were then maintained as previously described (Hsiao et al., 2014) . HeLa cells were acquired from the American Type Culture Collection and maintained in Dulbecco's Modified Eagle Medium/F-12 supplemented with 10% fetal bovine serum. An illustration for the experimental design is depicted in Supplementary data, Figure S1 . For hypoxia (and its mimetic) treatment, cells were cultured under 1% O 2 , or treated with desferrioxamine (DFO, 10 mM) or dimethyloxaloylglycine (DMOG, 0.5 mM). Transfection of reporter plasmids or microRNA mimic and/or inhibitor was performed by using Lipofectamine 2000 (Life Technologies) reagent according to the manufacturer's instructions. MicroRNA oligonucleotides used in the study were purchased from Life Technologies (Supplementary data, Table S2 ). For RNA and genomic DNA isolation, cells were lyzed directly in TRIsure (Bioline, Taunton, MA, USA) and processed according to the manufacturer's instructions. For protein samples, cells were lyzed in radioimmunoprecipitation assay buffer (RIPA; 50 mM TrisCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate) supplemented with protease inhibitors (1 mM PMSF, 1 mg/ml pepstatin A, 1 mg/ml aprotinin, 1 mg/ml leupeptin) and phosphatase inhibitors (1 mM NaF and 1 mM Na 3 VO 4 ).
Analysis of miRNAs targeting DNMT1 3
′ -untranslated region Human DNMT1 mRNA sequence (ENSG00000130816/ENST00000340748) was downloaded from Ensembl (http://www.ensembl.org). DNMT1 3 ′ -UTR sequence was further analyzed in three independent online miRNA databases including microrna.org, miRDB and miRTarBase (Betel et al., 2008; Wang, 2008; Hsu et al., 2011) . The miRNAs found in all three databases were selected for further investigation. Similarly, 3
′ -UTR sequences of DNMT1 from other primates including chimpanzee (ENSPTRG00000010461), gorilla (ENSGGOG00000016574), macaque (ENSMMUG00000014604), baboon (ENSPANG00000001264) and orangutan (ENSPPYG00000009545) were acquired from Ensembl and aligned to evaluate the conservation of regulatory elements.
Quantitative RT-PCR and miRNA quantification
Standard quantitative RT-PCR (qRT -PCR) procedures were used to quantify the levels of DNMT1, DNMT3a, DNMT3b, GATA6, HOXA3, SLC16A5 and 18S ribosomal RNA using primers listed in Supplementary data, Table S3 . To quantify microRNA-148a (miR-148a), -148b, -152 and -185 and small nuclear RNA -RNU6B (as internal control), 100 ng of total RNA was used in TaqMan miRNA assay kits according to the manufacturer's instructions (Applied Biosystems).
Analysis of DNMT1 mRNA stability
Endometrial stromal cells were pretreated with 10 mM actinomycin D for 30 min, followed by incubation under either normoxia or hypoxia for 0, 4, 8, 12 or 16 h. Total RNA was extracted from TRIsure lysates and subjected to qRT -PCR analysis. The levels of DNMT1 mRNA under normoxia or hypoxia were plotted versus time, and the half-lives (time point at which the level of DNMT1 mRNA decreases to 50%) of DNMT1 mRNA were determined using linear least squares regression.
Promoter and 3
′ -untranslated region reporter assays A 1.2 kbp human DNMT1 promoter was cloned to pGL3 (Promega, Cat#: E1751) using KpnI and BglII sites and a 0.4 kbp human DNMT1 3 ′ -UTR was cloned to a renilla luciferase-based reporter (pIS2) using SacI and XbaI sites (Supplementary data, Table S3 for primer sequences). The AU-rich element (ARE) and miR-148a binding site were mutated using the primers listed in Supplementary data, Table S3 . Readings of firefly (pGL3) and renilla (pIS2) luciferase activity were normalized to the activity of b-galactosidase. The coding regions of HuR and AUF1 isoforms were cloned to pcDNA3 vector (Life Technologies) for overexpression, as described in a previous study (Chen et al., 2010) .
RNA immunoprecipitation
The RNA immunoprecipitation (RIP) assay was performed according to a previously published study (Peritz et al., 2006) , with a few modifications. Briefly, 2.5 mg of antibodies against AUF1 (Millipore, Cat#: 07-260) or HuR (Santa Cruz Biotechnology, Cat#: sc-5261) was pre-incubated with 20 ml of Dynabeads w Protein G (Life Technologies, Cat#: 10004D). Normal rabbit (for AUF1) or mouse (for HuR) IgG were also included as negative controls. After overnight incubation with rotation, the beads/antibody complexes were washed with NT2 buffer (50 mM TrisCl pH 7.5, 150 mM NaCl, 1 mM MgCl 2 , 0.05% NP-40) three times. During the final wash, the NT2 buffer was supplemented with 1 mM dithiothreitol and 0.04 U/ml RNasin. The resultant beads/antibody complexes were then incubated with cell lysates harvested in diethyl pyrocarbonate-treated RIPA supplemented with protease inhibitors cocktail (Roche, Cat#: 05 892 791 001) and phosphatase inhibitors. After 4 h of incubation with rotation at 48C, the RNA/antibodies/beads complexes were washed with NT2 buffer three times followed by RNA extraction using TRIsure solution.
Co-immunoprecipitation
Similar to RIP, cell lysates made in NTEN buffer (100 mM NaCl, 20 mM TrisCl pH 8.0, 0.5 mM EDTA, 0.5% NP-40) were pre-cleared with 20 ml of Dynabeads w Protein G, followed by overnight incubation with 10 mg of antibodies against AGO2 (Cell Signaling, Cat#: 2897). The beads/antibody complexes were washed with NTEN buffer for three times, eluted in NTEN/ 2% SDS.
Western blot analysis
Total proteins (20-30 mg) were resolved and immunoblotted as routinely done in our laboratory by using the following antisera: DNMT1 (New England Biolabs, Cat#: M0231S), HIF-1b (BD biosciences, Cat#: 611078), AUF1 (Millipore, Cat#: 07-260), HuR (Santa Cruz Biotechnology, Cat#: sc-5261), AGO2 (Cell Signaling, Cat#: 2897) and b-actin (Sigma-Aldrich, Cat#: A5441).
Enzyme-linked immunosorbent assay of 5-methylcytosine in genomic DNA Genomic DNA was either isolated by TRIsure or alkaline lysis protocol, followed by phenol/chloroform extraction and isopropanol precipitation. 5-methylcytosine was then assayed by using a standard curve-based measurement according to the manufacturer's instructions (Zymo Research, Cat#: D5325).
Murine model of endometriosis
All animals were purchased from the Animal Center at the College of Medicine, National Cheng Kung University, and approval for the experiments was obtained from the institutional animal care and use committee. The murine endometrial fragments were prepared and injected to the donor mice as previously described (Hsiao et al., 2014) . Briefly, uterine horns in female C57BL/6 mice (8 -10 weeks old) pre-treated with 17b-estradiol for 2 days were removed and minced to small fragments (5 × 5 mm), 10 pieces of which were then subsequently suspended in normal saline and injected to peritoneal cavity of recipient mice. At 28 days post-injection, the developed endometriotic-like lesions were collected for histological analysis. 
Statistical analysis
The data were expressed as mean + stand error of the mean (SEM). A twotailed paired Student's t-test was used for two groups, while one-way analysis of variance followed by post-test analysis was used for multiple group comparison. The Mann-Whitney U-test was used to determine the difference of IHC scores. All analyses were performed in GraphPad Prism 5 (GraphPad Software). Statistical significance was set at P , 0.05.
Results
Hypoxia suppresses DNMT1 expression
We evaluated whether there is a difference in global DNA methylation between eutopic endometrial and ectopic endometriotic stromal cells and found that the level of DNA methylation was significantly reduced in ectopic endometriotic stromal cells compared with their eutopic counterparts (Fig. 1A and B) . To investigate the potential regulator responsible for causing such distinct DNA methylation patterns, levels of DNMT1, DNMT3a and DNMT3b were quantified. The level of the DNMT1 transcript in ectopic endometriotic stromal cells was significantly lower than that in eutopic endometrial stromal cells (Fig. 1C, left panel) , while levels of DNMT3a and DNMT3b mRNA were not different between eutopic endometrial and ectopic endometriotic stromal cells (Fig. 1C, middle and right panels) . Western blot and IHC results demonstrated that the protein level of DNMT1 in ectopic endometriotic stromal cells was lower compared with that in eutopic endometrial stromal cells (Fig. 1D and E) .
Hypoxia was then tested as a regulator of DNMTs expression in endometrial cells. Cells were cultured under normoxia or hypoxia for 24 h and levels of DNMT1, 3a and 3b mRNA were quantified. Treatment with hypoxia markedly reduced DNMT1 mRNA expression ( Fig. 2A, left panel) . In contrast, levels of mRNA encoding for DNMT3a and 3b were not affected by ′ -UTR reporter activity in human eutopic stromal cells using 3 ′ -UTR with either wild-type or miR-148a binding site-mutated reporter systems, combined with treatment of oligonucleotide mimicking miR-148a (n ¼ 3). (F) Levels of DNMT1 3 ′ -UTR reporter activity in ectopic stromal cells treated with 50 nM control oligonucleotide (con) or oligonucleotide blocking miR-148a (148a inhibitor) (n ¼ 3). n.s., no significant difference; *P , 0.05. hypoxia ( Fig. 2A, middle and right panels) . Consistent with the mRNA data, the level of DNMT1 protein was reduced after 24 h of hypoxia treatment (Fig. 2B) . Furthermore, treatment with DFO or DMOG, compounds that simulate hypoxic condition, also reduced the levels of DNMT1 (Fig. 2C) . Consistent with the notion, treatment with hypoxia caused global DNA hypomethylation in a time-dependent manner (Fig. 2D ).
MiR-148a decreases DNMT1 mRNA stability under hypoxia
To test whether hypoxia-inhibited DNMT1 expression is controlled at the transcriptional level, the reporter system containing human DNMT1 promoter was transfected into cells and firefly luciferase activity was quantified. Surprisingly, treatment with hypoxia failed to inhibit DNMT1 promoter activity (data not shown). Next, we examined the mRNA stability of DNMT1 under hypoxia and found that hypoxia reduced the half-life of DNMT1 mRNA (10.6 h under hypoxia versus 22.5 h under normoxia) in human endometrial stromal cells (Fig. 3A) .
Bioinformatic analysis of three independent online databases, microrna.org, miRDB and miRTarBase (Betel et al., 2008; Wang, 2008; Hsu et al., 2011) , identified a set of miRNAs (miR-148a, -148b, -152 and -185) targeting a sequence in the human DNMT1 3 ′ -UTR, which is conserved across species (Fig. 3B) . qRT -PCR revealed that only the level of miR-148a was significantly up-regulated in ectopic stromal cells, while the levels of miR-148b, -152 or -185 were not different (Fig. 3C) , suggesting miR-148a is a potential regulator of DNMT1 mRNA stability. Transfection of miR-148a mimic oligonucleotide significantly reduced DNMT1 mRNA levels in eutopic endometrial stromal cells (Fig. 3D) and DNMT1 3 ′ -UTR reporter activity in eutopic endometrial stromal cells (Fig. 3E) . In contrast, when the miR-148a binding site was mutated, the miR-148a mimic oligonucleotide failed to inhibit DNMT1 3 ′ -UTR reporter activity (Fig. 3E) . As a proof-of-concept, administration of miR-148a inhibitor to ectopic endometriotic stromal cells (with high miR-148a level) markedly increased DNMT1 3 ′ -UTR activity (Fig. 3F) , providing an evidence to support the notion that down-regulation of DNMT1 in ectopic endometriotic stromal cells may be mediated by high level of miR-148a. ′ -UTR in eutopic stromal cells transfected with individual AUF1 isoforms (n ¼ 5). n.s., no significant difference; *P , 0.05.
Hypoxia down-regulates DNMT1 expression via miR-148a
AUF1 mediates the DNMT1 down-regulation by hypoxia
We then tested whether miR-148a is responsible for hypoxia-mediated DNMT1 down-regulation and found that administration of miR-148a inhibitor abolished the inhibition of DNMT1 expression caused by hypoxia (Fig. 4A) . Furthermore, treatment with hypoxia reduced the DNMT1 3 ′ -UTR reporter activity in wild-type but not the miR-148a binding site-mutated reporter system (Fig. 4B) . These data support the notion that miR-148a is involved in hypoxia-mediated DNMT1 mRNA down-regulation. We then tested whether the level of miR-148a was induced by hypoxia. Surprisingly, hypoxia did not up-regulate miR-148a expression level (Fig. 4C) , implying that the hypoxia-induced DNMT1 down-regulation is not through increased miR-148a levels. Because we noted that an ARE is located very close to the miR-148a binding site (Fig. 4D) , we then tested whether the ARE is important in hypoxia-reduced DNMT1 mRNA stability. Mutation of the ARE core sequence abolished the hypoxia-mediated decrease in DNMT1 3 ′ -UTR reporter activity (Fig. 4E) , providing evidence that the ARE is critical for reducing DNMT1 mRNA stability. Since both HuR and AUF1 proteins bind to ARE, we then examined the expression levels of HuR and AUF1 under hypoxia treatment. Hypoxia treatment had no effect on the levels of multiple isoforms (p45, p42, p40, p37) of AUF1, but downregulated the HuR protein level (Fig. 4F ). Forced expression of exogenous HuR restored the hypoxia-inhibited DNMT1 3 ′ -UTR reporter activity (Fig. 4G) . On the other hand, overexpression of different isoforms of AUF1 in eutopic stromal cells significantly inhibited DNMT1 3 ′ -UTR reporter activity (Fig. 4H) . Taken together, these data suggest that AUF1 and HuR may compete for the same ARE to regulate DNMT1 mRNA stability.
AUF1 and miR-148a orchestrate DNMT1 mRNA instability under hypoxia
It has been shown that binding of AUF1 leads to mRNA destabilization; however, how AUF1 causes mRNA degradation has not been fully elucidated. We hypothesized that AUF1 may recruit miRNA to cause mRNA degradation. To better characterize the interaction between the DNMT1 3 ′ -UTR, HuR/AUF1 and miR-148a, a RIP assay was performed. The results demonstrated that treatment with hypoxia reduced the binding of HuR to DNMT1 ARE (Fig. 5A ) but enhanced the binding of AUF1 (Fig. 5B) . Next, we employed co-immunoprecipitation assay to test whether miR-148a and its associated protein, Argonaute 2 (AGO2), can be co-precipitated with AUF1. The results demonstrated that AGO2 and AUF1 can interact under normoxic conditions and hypoxia markedly promoted the interaction (Fig. 5C) . Consistently, the binding of miR-148a to AUF1 was significantly enhanced under hypoxia when using anti-AUF1 antibody to pull-down the complex (Fig. 5D ). To further confirm that the AUF1-mediated DNMT1 mRNA destabilization is miR-148a-dependent, we overexpressed AUF1 proteins in cells transfected with a mutated miR-148a binding site and performed the 3 ′ -UTR reporter assay. The results demonstrated that the AUF1-inhibited DNMT1 3 ′ -UTR reporter activity is abolished by mutating the miR-148a binding site (Figs 4H and 5E) . Taken together, these data indicate the hypoxia-induced DNMT1 down-regulation is mediated by AUF1 and miR-148a.
Inhibition of DNMT1 expression by hypoxia causes aberrant gene expression
To test the concept that the down-regulation of DNMT1 by hypoxia results in aberrant gene expression, we randomly chose three genes that have been shown, by genome-wide screening, to possess hypomethylated DNA in their promoter regions (Dyson et al., 2014) and tested their expression levels under normoxia or hypoxia conditions. The results showed that the expression levels of GATA6, HOXA3 and SLC16A5 were increased by hypoxia treatment for 3 days (Fig. 6A) , when global DNA methylation was significantly reduced (Fig. 2D) . This result was mirrored by the observation that expression levels of GATA6, HOXA3 and SLC16A5 were increased in ectopic endometriotic stromal cells (Fig. 6B) , where DNA methylation levels are low (Fig. 1A  and B) . Finally, to prove that DNMT1 is indeed decreased in the endometriotic tissues, we used the surgery-induced murine endometriosis model to mimic the human endometriosis development process (Fig. 6C) . IHC staining results demonstrated that level of Dnmt1 protein was significantly reduced in endometriosis-like lesions compared with the eutopic endometria collected from donor and recipient mice (Fig. 6D) , and this was accompanied by a notable decrease in DNA methylation (Fig. 6E) .
Discussion
Epigenetic regulation provides plasticity for cells to adapt to environmental stresses and to transmit the acquired advantage(s) during cell cycle progression. Hypoxia is a microenvironmental stress that most ′ -UTR, stabilizes DNMT1 mRNA, and favors DNMT1 translation and 5-mC maintenance. In contrast, hypoxia reduces the levels of HuR and favors AUF1/DNMT1 mRNA interaction. AUF1 facilitates AGO2/miR-148a binding to the DNMT1 3 ′ -UTR (miR-148a binding site shown as hatched box) and destabilizes DNMT1 mRNA. Ultimately, the depletion of DNMT1 protein levels results in passive DNA demethylation during cell cycle progression. *P , 0.05. cells will encounter during embryo development or disease pathogenesis. In this study, we demonstrated that in response to hypoxic stress, cells reduce DNA methylation levels by down-regulating the DNA methylation maintenance gene, DNMT1. Hypoxia-inhibited DNMT1 expression is mediated through the coordination of HuR/AUF1 RNA binding proteins and the AGO2/miR-148a silencing complex. As a result, critical genes involving in cell survival can be demethylated and up-regulated in hypoxic conditions (Fig. 6F) . Our findings not only unravel a novel mechanism to elaborate how cells adapt to hypoxic stress through epigenetic modulation but also provide important information to advance our understanding about hypoxia-mediated epigenome reprogramming.
DNA methylation is an important epigenetic modification, which represents a crucial molecular switch for genome reprogramming. Through a variety of regulatory mechanisms, expression and activity of DNMT1 are regulated in response to both intrinsic and extrinsic stimuli such as oxidative/genotoxic stress (Mortusewicz et al., 2005; Ha et al., 2011; Zhang et al., 2013) , inflammation (Hodge et al., 2007; Nakano et al., 2013) , metabolic status and hypoxic stress (Skowronski et al., 2010) . Skowronski et al. (2010) showed that DNMT1 protein was reduced under hypoxic conditions in a colorectal cancer cell line and suspected that this was mediated via reduced translation or decreased protein stability. However, the direct proof was not revealed. In this study, we provide compelling evidence to demonstrate that hypoxia-inhibited DNMT1 is mediated by decreasing its mRNA stability. The half-life of DNMT1 mRNA was markedly shortened under hypoxia, mainly mediated by imbalanced HuR/AUF1 ratio and miR-148a-dependent degradation. This leads to a reduction in the number of translatable transcripts and consequently to a reduction in the level of DNMT1 protein. Our current results agree with the aforementioned study (Skowronski et al., 2010) that hypoxia-inhibited DNMT1 expression is not mediated by suppression of its promoter activity. Moreover, we demonstrate that cells sophistically orchestrate two RNA regulatory systems to control DNMT1 protein levels under hypoxic condition. This mechanism should be a more efficient and economical way for gene regulation as energy production under hypoxic condition is rather limited and the HuR/AUF1 and miRNA systems are already available within the cell.
It has been demonstrated that AUF1 either competes with HuR for the ARE in the 3 ′ -UTR of the target gene or directly associates with HuR to promote RNA destabilization (Lal et al., 2004; Chang et al., 2010) . Our study shows that hypoxia reduces HuR protein and its binding to the ARE located at the 3 ′ -UTR of DNMT1 transcript and thus leads to an increase in AUF1 binding to the same ARE, supporting the model of competition between AUF1 and HuR. Furthermore, our result showed that binding of AUF1 to the ARE recruits the miR-148a-AGO2 complex to the nearby miR-148a binding site, which explains why AUF1 binding results in reducing mRNA stability (see our working model in Fig. 5F ). Our finding is supported by a recent report that AUF1 facilitates the recruitment of miRNA-loaded AGO2 to targeted mRNA (Wu et al., 2013) . Taken together, our current data demonstrate that the dynamic of AUF1 and HuR controls the efficacy of miR-148a targeting and thus plays an important role in the regulation of DNMT1 expression and DNA methylation in response to hypoxic stress. The regulation of DNMT1 expression and DNA methylation in endometriosis provides an excellent example demonstrating the importance of microenvironmental stress-driven pathogenesis of human diseases. The role of DNA methylation in the development of endometriosis has been raised since 2000 (Hori et al., 2000) . Sporadic reports have been published to show that some important genes involving in endometriosis development are distinctly methylated in their promoter region (Hori et al., 2000; Wu et al., 2006 Wu et al., , 2007 . Most recently, genomewide screening of DNA methylation patterns in normal endometrial stromal cells and endometriotic stromal cells has revealed distinct methylated pattern of genes mastering the development of endometriosis (Dyson et al., 2014) . These reports provide evidence to support the notion that DNA methylation patterns between normal endometrial stromal cells and endometriotic stromal cells are different and that the difference may contribute to the pathogenesis of endometriosis. Nevertheless, the mechanism responsible for causing such differences in DNA methylation patterns was not revealed. In this study, we demonstrated that DNMT1, but not DNMT3a nor DNMT3b, was down-regulated in endometriotic stromal cells, suggesting that DNMT1 is the major enzyme contributing to distinct DNA methylation patterns between normal and endometriotic stromal cells. Since DNMT1 is the maintenance DNA methyltransferase, reducing its expression level leads to de-repression of the already methylated genes. Considering the urgent need to induce critical genes, which are often inhibited in normal situations likely via DNA hypermethylation, to cope with microenvironmental stress, reducing the DNMT1 level is functionally more relevant than modulating DNMT3a or DNMT3b.
In summary, our results demonstrate that microenvironmental hypoxia is an important driving force for the repression of DNMT1 and that DNMT1 down-regulation-mediated epigenetic alteration is evident in endometriosis. Considering that hypoxia is an inevitable microenvironmental stress during the development of endometriosis and global DNA hypomethylation has been observed in endometriotic tissues (Senthong et al., 2014) , our findings may have great medical significance. Based on our current findings, novel therapeutics may be subsequently developed (e.g. modulating the interactions between AUF1, AGO2 and the DNMT1 transcript) for endometriotic tissues in order to restore the expression of DNMT1 so that the consequent methylation may ultimately reinstate the epigenetic programming in these cells.
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